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For the printing industry to grow and for companies in the field to remain competitive, there is 
a drive towards enhancing research and development so that costs of inks and substrates can 
be minimised. This paper details one of the first studies into the importance of liquid droplet 
size for applying wettability science to the development of inks and substrates, using a newly 
developed picolitre droplet dispensing system (PDDS). Differences between using microlitre, 
µl (0.2 µl to 5µl), and picolitre, pl (15 pl to 380 pl), droplets for wettability analysis is 
considered, showing the importance of using pl droplets within the development of inks and 
substrates for printing applications. This is owed to differences in contact angle being up to 40° 
when comparing results from pl- and µl-sized water-based droplets. Wetting, absorption and 
evaporation behaviour of different droplet sizes are also discussed with specific consideration 
to the use of wettability science for ink development and the development of inkjet printing 
substrates. A newly developed commercially available water-based blue ink and a 
commercially available water-based black ink are studied using pl experimentation to show 
how pl-sized droplets for inkjet wettability analysis is the optimum volume range to ensure 
optimised inkjet printing analysis and development.  
 












Within the UK it is believed that the £3.7 billion paint, coatings and printing ink manufacturing 
industry is expected to contract and has been the case for the last five years (annual growth of 
-1.4% by the end of 2019) [1]. Having said that, the industrial ink printing market, globally 
was estimated at 4 million metric ton, by volume, in 2017 and is likely to reach a size of £16.3 
billion in revenue terms by 2023 [2]. Because of these factors, there is a requirement to 
minimize the development costs associated with inks and substrates for inkjet printing. The 
scientific community is now moving towards the application of wettability science to measure 
the wetting behaviour associated with inks and to characterize substrate and ink interface 
properties [3-8]. This includes the determination of contact angles, surface energies/surface 
tensions, prediction of wetting behaviour and the study and the determination of 
absorption/evaporation behaviours. Wettability science technologies can also now be used to 
emulate the final printing process during the early stages of development. This will also likely 
enhance the optimization process for the compatibility determination of inks and substrates.  
 
If one was to consider a static droplet of liquid on a solid surface, the contact angle, θ, as 
depicted in Figure 1, is given by the Young Equation (Equation (1)) [9,10], describing the 
equilibrium forces at the 3-phase contact line. The Young Equation (Equation (1)) provides the 
relationship between the surface tension of the liquid, σl, the surface energy of the solid surface, 
σs, and the solid-liquid interfacial energy γsl; where γsl is dependent on the adhesive bonds 
between that of the solid and that of the liquid. 
 
𝜎𝑠 = 𝛾𝑠𝑙 + 𝜎𝑙 ∙ cos 𝜃 (1) 
 
Figure 2 shows a schematic diagram of the wetting nature at various values of contact angle on 
a solid surface. When a water contact angle, θw = 0°, the solid’s surface free energy tends to be 
very high and there is complete wetting of the substrate, with the liquid spreading across the 
surface. For θw < 90°, the solid surface is generally termed as hydrophilic [11] and tends to 
have a good wetting nature. For θw > 90°, this is generally termed hydrophobic [11] and tends 
to have a bad wetting nature. When θw > 150°, the solid surface is known to be 
superhydrophobic [12-16] and there is no wetting of the solid surface. This is known as two 





Fowkes [22] is known as a pioneer of approaching the analysis of wettability characteristics by 
partitioning the surface free energy into individual components, as shown in Equation (2). This 
approach was modified by Owens, Wendt, Rabel and Kaelble (OWRK) [23,24] by assuming 
that all of the components on the right hand side of Equation (2), apart from γsd, can be 
associated with and incorporated into a polar component, γsp, of the total surface free energy, 
γT . This approach is commonly known as the OWRK Method and enables the determination 
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where γsd, γsp, γsh, γsi and γsab are the dispersive, polar, hydrogen, induction and acid-base 
components, respectively. Additionally, γso denotes all other interactions that may be present 
in the system. 
 
Throughout any wettability study the effects of adsorption, evaporation and absorption of the 
measuring liquid on the solid surface should also be considered, especially during the research 
and development of inks and substrates for applications within the printing industry [28]. On 
account of this, numerous works have been conducted on adsorption [29,30], evaporation 
[28,31-34] and absorption [6,28,35,36] in relation to the wetting of materials. This highlights 
the importance of the liquid-material interface and environmental conditions (temperature, 
humidity and air pressure etc.) for inkjet-based applications. This is owed to the fact that the 
material properties, liquid properties and the environmental parameters will have a large 
influence on the adsorption, evaporation and absorption processes taking place.   
 
When physically measuring the contact angle, θ, on a solid surface, many conventional 
techniques implement µl volume droplet sizes [37-40]. One of the most used techniques is that 
of the sessile drop method which uses a liquid drop placed with a syringe on the solid surface. 
The static contact angle is measured when the contact area is constant and in equilibrium 
[34,41,42]. Whilst this is a commonly utilised method, it does not always account for any 
variations in surface roughness as the µl droplet range is macroscopic in comparison to the 




measurement of an apparent contact angle, θapp, rather than the actual contact angle. 
Furthermore, by taking specific ink jet printing technologies into account, the printing process 
tends to be within microscopic dimensions (which would require pl-range volumetric droplets). 
With µl-range droplets giving rise to apparent contact angles, θapp, along with likely variations 
in absorption properties and evaporation properties for the different ranged droplet sizes 
[44,45], it is crucial to consider the droplet size during any wettability science study for 
ink/substrate applications. As a result, it could be argued that, for ink/substrate applications, 
pl-range droplet volumes should be utilised as this would be the same size as the 
structures/pores of the substrate (~100μm). It would also lead to θapp ≈ θ and the pl-range would 
provide a similar volume as a typical printing process. Therefore, the pl-sized droplet would 
likely exhibit similar absorption and evaporation behaviours to that seen with the actual ink jet 
printing. This corresponds with droplet volume/contact angle studies which have been 
conducted for oil recovery mechanisms [46] and food contact surface properties [47]. This has 
also led to some previous fundamental studies on pl-sized droplet wettability studies [42,48]. 
Given the importance of droplet size to the ink/substrate industry, this work details the 
differences in contact angle measurement between µl-range droplets and pl-range droplets on 
commercially available coated and non-coated paper. That is the variation on contact angle 
measurement, absorption behaviour and evaporation behaviour are considered and discussed, 





Standard, commercially available paper and printing inks were used throughout the 
experimentation. Specific details of the paper and printing inks are detailed below. 
 
Paper and Silicon Wafer Substrates 
Commercially available double-coated paper was used, with a grammage of 130g/m². In 
comparison a commercially available non-coated bleached paper with a grammage of 135g/m² 
was used for experimentation. All grammage was in accordance with standard ISO 536. The 
thickness of both paper samples was 125±5 µm and 135±5 µm for the coated and non-coated 
paper, respectively. To verify the specified thicknesses, a micro-screw was implemented on 
both samples. An average thickness was determined for each sample by repeating the 





A silicon wafer sample was implemented as a non-absorptive, flat and inert media to determine 
the drop volumes. 150 mm diameter silicon wafer was mechanically cut into smaller pieces, 
rinse with iso-propanol and air dried prior to any measurements taken. 
 
Printing Inks 
A commercially available water-based blue ink was used on the various substrates. The density 
of 1,0833g/cm³ was determined using a tensiometer (DCAT 25, DataPhysics Instruments 
GmbH, Germany). The surface tension was determined using the pendant drop method with a 
goniometer (OCA 200, DataPhysics Instruments GmbH, Germany). From using this method, 
the surface tension, SFT, was determined to be 65.8 mN/m (SFTd = 36.4 mN/m; SFTp = 29.4 
mN/m). This was determined by interfacial tension (IFT) against n-Dodecane. 
 
For verification purposes, commercially available water-based black ink was used on the 
substrates. Using both the tensiometer and goniometer both the density and surface tension of 
these two inks were determined. The black ink had a density of 1,1306 g/cm³ and an SFT of 
36.8 mN/m (SFTd= 27.8 mN/m; SFTp=9.0 mN/m).  
 
Wettability Measuring Liquids 
Three liquids were used to conduct wettability characteristic measurements of the sample 
substrates. These were deionized water, diiodomethane and ethylene glycol. The deionized 
water had an SFT of 72.8 mN/m as per the Ström database in the SCA20 software which 
operated the goniometer. The diiodomethane (99%, ReagentPlus, Sigma-Aldrich, Germany), 
containing copper as a stabilizer had an SFT of 50.3 mM/m. The ethylene glycol puriss P.A. 
(>99.5% (GC), Honeywell Fluka, Germany) had an SFT of 48 mN/m. 
 
All the SFT values were also experimentally verified by employing the goniometer (OCA 200, 
DataPhysics Instruments GmbH, Germany) to measure each of the liquids. 
 
Wettability Analysis 
Microlitre (µl) Wettability Analysis 
µl wettability analysis was carried out using a goniometer (OCA 200; DataPhysics Instruments 
GmbH; Germany). The contact angles, θ, of water, diiodomethane, ethylene glycol and inks on 




contact angle measurement method, given that absorption and evaporation does occur over 
time. The surface energy was determined by applying the Owens, Wendt, Rabel and Kaeble 
(OWRK) [23] approach, as defined by Equation (3), to calculating surface energies. Each θ 
was determined by recording a movie with a high framerate and evaluating the θ (ellipse fitting) 
image by image and taking the contact angle at which point the base diameter did not increase. 
In all instances, the liquid droplet θ was evaluated at the moment when the base 
diameter/wetted area was deemed constant and wetting was complete whilst 
evaporation/absorption was still in occurrence. 
 
Picolitre (pl) Wettability Analysis and Printing Emulation 
pl wettability analysis was carried out using a goniometer (OCA200; DataPhysics Instruments 
GmbH; Germany) with a picolitre dosing system (PDDS; DataPhysics Instruments GmbH; 
Germany). Acoustic pulse generated droplets were placed on to the paper substrates with 
dosing volumes between 15 pl and 380 pl. The dispensing frequency used was between 100 
Hz and 200 Hz. The amplitude and width of the dispensing pulse was individually optimized 
before every measurement with the integrated drop-watcher/strobe function to make sure only 
one stable drop, without satellites, was dispensed. For the incident liquid droplets, volumes 
between 50 pl and 100pl were used for θ measurements. Similar to the µl wettability analysis, 
θ was measured for the pl experimentation once the wetting was complete and there were no 
further changes in the droplet base diameter or wetted area. 
 
The OCA200 along with PDDS was also implemented to emulate an industrial printing process 
following wettability analysis. This enabled verification of the wettability characteristic 
findings. To emulate the printing process, the dispensing pulse width and dispensing amplitude 
was optimized through experimentation before measurements were taken. The dispensing 
frequency was set constant at 20 Hz and the automated stage y-axis velocity was set constant 




To ensure consistency of results, all wettability measurements and experiments were conducted 
within a climate controlled laboratory with the temperature remaining constant at 22±0.5 °C 






For absorption analysis, either one drop of volume 48 pL or 20 drops of volume 910pL, with a 
dispensing frequency of 1000Hz, were dispensed on to the substrate. The liquid used for the 
absorption analysis was ethylene glycol puriss P.A. (>99.5% (GC), Honeywell Fluka, 
Germany). The camera framerate was constant at 1000 frames per second. A movie was 
recorded from the moment of dispensing and starting with the first image showing contact 
between ink and substrate the contact angle was calculated image by image. Since the software 
always calculated the volume, base diameter and many other values of interest along with the 
contact angle, and since the image was referenced in advance with the PDDS Reference 
Standard (100µm), the volume of the drop and contact angle could be plotted against time.  
 
Results and Discussion 
Wetting Behaviour at Different Dimensions 
Figure 3 shows a graph of contact angle as a function of time for the water-based black ink on 
a paper substrate for conventional µl-sized droplets compared with pl-sized droplets. It can be 
seen from Figure 3 that the largest variation between the two dimensioned droplet systems 
occured within the first 20 ms whereby the pl volume droplets gave rise to a contact angle of 
47.2±3° and the µl volume droplets gave rise to a contact angle of 32.1±1°, at time 0 s. This 
can be explained with two considerations. Firstly, conventional dispensing, as occurred with 
the µl droplet dosing system, did not allow for the immediate determination and measurement 
of the contact angle upon first initial contact between the liquid and the surface. This was 
because of the amount of time taken for the droplet to form an equilibrium state which can be 
measured. The second consideration is that the variations between the µl droplets and the pl 
droplets could have given rise to significant differences with regards to absorption, something 
of which is critical for inkjet applications. Another important result which can be taken from 
Figure 3 is that the initial contact angle is higher for the pl-sized droplets when compared to 
the µl-sized droplets. Then, after a few ms, the pl-sized droplets gave rise to contact angle 
values less than that observed with the µl-sized droplets. This was likely due to the differences 
in absorption characteristics for the two differently dimensioned droplets with the µl-sized 
droplet being impacted upon less due to absorption compared to the smaller pl-sized droplet. 
Extrapolating from the data shown in Figure 3, once the droplet was fully absorbed (with zero 
volume) the contact angles were determined to be 14.9° for the µl-sized black ink droplets and 
14.7° for the pl-sized black ink droplets. The variations in contact angle observed between the 




Figure 5 (water) (θpl < θµl), highlights further the potential for tunable wetting surfaces when 
considering droplet size which has already been shown for µl-sized droplets [49,50]. 
 
The variations observed between the pl volume droplets and the µl volume droplets contradicts 
the work of Cansoy [51] who showed that droplet volume variation did not significantly impact 
on the contact angles measured, with the results showing that the contact angle was similar for 
all droplet volumes incident on micro-patterned surfaces coated with dimethyldichlorosilane 
(DMDCS). This is significant as it shows that there is likely a major different between studying 
non-absorptive materials, which was the case with Cansoy [51], and absorptive materials which 
is the case with this study. In order to further confirm this, the contact angle of deionized water 
at varied droplet volumes was studied on silicon wafer substrates (a non-absorptive material) 
as a comparison. Figure 6 shows a histogram of the contact angle for deionized water droplet 
volumes ranging between 40 pl and 2,200 pl, highlighting that the contact angle remained 
somewhat constant at around θ=70° over the large range of droplet volumes. Taking Figure 3, 
Figure 6 and the work of Cansoy [51] into account, it is highly likely that the second 
consideration has given rise to the difference in contact angle observed between the µl volume 
droplets and the pl volume droplets. That is, the difference in droplet volume gave rise to 
significant differences in absorption characteristics of the black ink, leading to variations in the 
measured contact angle between the two droplet volumes as evidenced in Figure 3. 
 
To determine if the contact angle was influenced by drop size or dispensing method, the PDDS 
pl droplet dispensing system was implemented to place water-based ink on to absorbing paper 
substrates. The PDDS pl droplet dispensing system was used to place droplets of 3 different 
volumes; 500pl, 10 nl and 0.2 µl, as shown in Figure 4. As one can see from Figure 4, there 
was a variation of 35.5° between the 77.9° contact angle obtained with the 500 pl droplet and 
113.4° with the 0.2 µl droplet. Because the three water-based blue ink droplets, shown in Figure 
4, were dispensed via the PDDS droplet system, it stands to reason that the value of contact 
angle is dependent on the droplet size rather than the dispensing method. This is further verified 
with PDDS dispensed deionized water droplets on the absorbing paper as similar differences 
in the contact angles were observed (θpl = 68°, θpµl = 104° and θµl = 102°). This data shows that 
a pl droplet gave a θ (68°) around 36° less than that of the µl droplets which were dispensed by 
both the PDDS (θ = 104°) and the standard µl goniometer equipment (θ = 102°), both of which 




printing paper in terms of contact angle is determined by the droplet volume and is independent 
of the dispensing method used.  
 
Figure 5 shows three shadowgraphs of water droplets with three different volumes (250 pl, 30 
nl and 0.8 µl) in static equilibrium on the non-coated, slightly absorbing paper. Whilst the 250 
pl water droplet gave rise to a lower contact angle of 38.7°, the 30 nl and 0.8 µl water droplets 
gave rise to similar contact angles of 57.5° and 55.9°, respectively. This is owed to the fact that 
the water droplet volumes were larger than the surface topography structure and the pore 
dimensions. As soon as the water droplet is of the same dimensions, or smaller, as the surface 
structure or pore dimensions this will have a large effect on the values of the contact angle. 
This shows that the droplet size in comparison to the parameters of the measured surface is 
very important when determining the contact angle. When studying the droplets of water on 
non-structured surfaces, like the silicon wafer (see Figure 6), the smallest pl droplets showed 
the same contact angle as nl droplets and µl droplets, again showing that the surface structure 
in comparison with drop sizes in the same range are the main reason for the differences in 
contact angle. 
 
Absorption and Evaporation Behaviour 
Figure 7 shows graphs of the contact angle and drop volume as a function of droplet age for 
both the coated and non-coated paper. In the initial instance (t<0.04 s) of the ethylene glycol 
droplet coming into contact with the two paper samples, it was observed that bigger droplet 
volumes absorbed slightly faster compared to when the droplet reduced in volume. This may 
suggest that the absorption may be promoted by gravitational force. After t = 0.04 s, the 
absorption process showed that the volume decreased linearly over time and one can therefore 
calculate the absorption rate as the slope of this decrease. Following a duration of 
approximately one to two seconds, the droplet was observed to be completely absorbed in both 
cases for the coated and non-coated paper. Figure 7(d) shows a graph of contact angle as a 
function of droplet volume for the ethylene glycol on both the coated and non-coated paper. 
Through the method of extrapolation from the linear relationship (t>0.04 s), as shown in Figure 
7(d), it was found that the contact angles of the ethylene glycol on the coated and non-coated 
paper was 12.2° and 6.8°, respectively, as the volume tended towards zero. 
 
There is evaporation to be considered and one cannot distinguish experimentally, in this 




evaporation times of water and water-based inks are of the order of 10 s to 100 s [31-33,45,52] 
whereas absorption times take place in the region of less than a second. Because of this, it has 
been assumed that the evaporation time is negligible in this instance compared to that of 
absorption. One additional consideration to identify which process is taking place is the drop 
base diameter. During evaporation the diameter stays constant for a while due to the adhesion 
of the liquid on the surface. This is then followed by a retraction of the liquid front [37]. For 
absorption, on the other hand and as was observed during experimentation, the base diameter 
decreases (for θ<90°) or first increases (for θ>90°) and then decreases since the widest part of 
the drop is the one of the half sphere at 90°. It should also be noted that measurements were 
also performed on silicon wafer substrates (see Figure 4), a non-absorptive material, and the 
evaporation of the liquid droplets at the studied droplet volumes and dimensions was in the 
range of a few seconds to ten seconds, therefore it can be assumed that evaporation was 
negligible compared to the absorption which was observed to completely take place between 
one and two seconds. 
 
Wettability Characterization and Wetting Behaviour Prediction 
For many printing applications, it is known that coated paper substrates, with a flat, less rough 
surface contour is needed to produce sharp, well defined printed features. Taking this into 
consideration, some ink manufacturers have developed commercially available inks upon 
which it is claimed that newly developed inks do not need coated paper substrates to produce 
the desired printing quality. To determine if this is the case, commercially available non-coated 
paper, coated paper, water-based blue ink and water-based black ink was chosen, with the 
wettability parameters characterized through experimentation. Table 1 shows the contact 
angles, surface free energies and surface tension for the coated paper, non-coated paper and the 
two water-based inks. 
 
From Table 1, the coated paper exhibited a higher surface free energy, with higher polar parts 
compared to that of the non-coated paper. Leading on from this, having characterised the 
wettability parameters for the two variations of paper, wetting envelopes could be drawn 
showing lines of contact angle/wetting behaviour with the two inks plotted (see Figure 8). From 
the wetting envelopes, shown in Figure 8, the predicted contact angles for the water-based blue 
and black inks were determined and are given in Table 2. This enabled a prediction to be made 
in that the commercially available water-based blue ink would not spread on either paper types, 




that the contact angles for the water-based black ink was considerably smaller with predictions 
of 27° and 0° for the coated paper and non-coated paper, respectively. 
 
To verify the prediction for water-based blue ink, following the development of the wetting 
envelope, 500 pl of the commercially available blue ink was dispensed using the PDDS pl 
droplet dispensing systems onto coated and non-coated paper substrates. Figure 9 shows that 
the commercially available blue ink gave rise to a contact angle of 34° on the coated paper 
substrates and 70° on the non-coated paper. Whilst the absolute values differ from the predicted 
values, the initial prediction of non-spreading was verified. That is, spreading did not occur on 
either of the paper substrates and the contact angle was higher on the non-coated substrate. It 
should also be noted that little to no absorption was observed for the water-based blue ink. In 
addition, with regards to printing applications, the results show that the water-based blue ink 
is capable of being used in printing applications to produce clear and sharp contours, without 
the need of coating the paper substrate. 
 
Emulating the Printing Process 
To verify the results from the PDDS wetting behaviour experimentation (see Section 3.3) the 
OCA200 was implemented to emulate the commercial printing process. Figure 10 shows the 
emulated printing process for the water-based blue ink on the non-coated paper (Figure 10(a)) 
and for the water-based black ink on the non-coated paper (Figure 10(b)). 
 
From Figure 10(a), the water-based blue ink printed on to the non-coated paper gave rise to a 
clear contour, with no dissolving of the ink onto the paper. This verified that the ink was 
optimised for this particular non-coated paper, as predicted by the analysis of the wettability 
characteristics which was discussed in Section 3.3. Figure 10(b) shows the spreading and 
dissolving of the water-based black ink on the non-coated paper for comparison giving rise to 
a poorer and less sharp contour. This highlights how the pl volume range droplet sizes can be 
implemented to estimate how printing inks are going to perform with paper substrates. By 
employing such a wettability analysis process described within this work, it is highly likely 
that those in the ink/printing substrate will be able to enhance their research and development, 








Through the study of a newly developed, commercially available water-based blue ink, a 
picolitre droplet dispensing system (PDDS) was implemented to determine the inks wettability 
characteristics on both coated and non-coated paper, predicting that the ink could be used to 
produce clear and sharp contours, compared to a another commercially available, water-based 
black ink. Furthermore, the PDDS was used to emulate an industrial printing process to verify 
that the newly developed blue ink did indeed produce clear and sharp contours on non-coated 
paper. 
 
For many surface adhesion applications, wetting analysis is a powerful tool which can be used 
to enhance wettability and adhesion properties. This is especially the case for printing 
applications and the development of inks for printing as it ensures that effort and costs are 
minimized. Upon studying the differences between µl and pl droplet volumes, it has been 
shown that, for industrial inkjet printing applications, pl droplet volumes should be 
implemented during the study of the wettability characteristics. This is owed to the fact that the 
contact angle is very much dependant on droplet volume on structured/pore-consisting surfaces 
(absorptive and non-absorptive surfaces), and the droplet volume for experimentation should 
be carefully considered and chosen to align closely with the application under consideration. It 
has also been evidenced within this work that the contact angle is independent of the contact 
angle measuring method. 
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Table 1: Contact angles, surface free energies and surface tension for the coated paper, non-
coated paper and the blue ink. 
 θdiiodomethanc θethylene glycol θwater 
Non-coated paper 36° 48° 68° 
Coated paper 42° 39° 38° 
 σs (mN/m) σsdispersive (mN/m) σspolar (mN/m) 
Non-coated paper 40.5 30.0 20.5 
Coated paper 53.1 18.7 34.4 
 σl (mN/m) σldispersive (mN/m) σlpolar (mN/m) 
Water-based blue ink 65.8 36.4 29.4 





































Table 2: Predicted contact angles as determined by the wetting envelopes shown in Figure 5. 
 Coated Paper Non-Coated Paper 
Predicted θblue ink 41° 57° 
















































Figure 1: Schematic diagram showing a droplet of liquid on a solid surface, giving rise to the 


































































Figure 3: Graphs showing (a) the mean contact angle as a function of time for water-based 
black ink on the coated paper substrate and (b) the mean contact angle as a function of time 









Figure 4: Shadowgraphs of PDDS pl dispensed droplets of water-based blue ink on an 
































































Figure 6: Histrogram showing the contact angle of water on a silicon wafer at droplet 
























Figure 7: Graphs showing (a) the contact angle and drop volume as a function of droplet age 




of droplet age for ethylene glycol on the non-coated paper and (c) the contact angle as a 































Figure 8: Wetting envelopes for contact angle/wetting behaviour for (a) the coated and (b) 














Figure 9: Shadowgraph images of the commercially available blue ink on the (a) coated 


































Figure 10: Images of the emulated printing process for (a) the blue ink on non-coated paper 
















































• Microlitre (µl) Droplets 
 
















V = 500 pl V = 10 nl V = 0.2 µl 
